DNA damage binding protein 2 (DDB2) is one of the major DNA repair proteins involved in the nucleotide excision repair (NER) pathway. Mutations in the DDB2 gene can cause a repair-deficiency syndrome xeroderma pigmentosum group E. Because tobacco carcinogens can cause DNA damage that is repaired by NER and suboptimal NER capacity is reported to be associated with lung cancer risk, we hypothesized that common variants in the DDB2 gene are associated with lung cancer risk. To test this hypothesis, we conducted a case-control study of 1010 patients with incident lung cancer and 1011 cancerfree controls and genotyped two DDB2 single nucleotide polymorphisms (SNPs) (rs830083 and rs3781620) that are in linkage disequilibrium with other untyped SNPs. We found that compared with the rs830083CC, subjects carrying the heterozygous rs830083CG genotype had a significantly 1.31-fold increased risk of lung cancer [95% confidence interval (CI) 1.08-1.60] and those carrying the homozygous rs830083GG genotype had a non-significantly 1.22-fold elevated risk (95% CI 0.89-1.67). In addition, effects of the combined rs830083CG/GG variant genotypes were more evident in young subjects, heavy smokers and subjects with a positive family history of cancer. These findings indicate, for the first time, that the DDB2 rs830083 polymorphism may contribute to the etiology of lung cancer. Further functional studies on this SNP and/or related variants are warranted to elucidate the underlying molecular mechanisms of the association.
Introduction
Lung cancer remains the leading cause of cancer-related deaths worldwide, with an estimated 1.35 million new cases and 1.18 million deaths in 2002 (1) . Owing to continuous increase in the prevalence of smoking, the incidence rate of lung cancer in China has been significantly increasing in both urban and rural areas in the last two decades (2, 3) . It was estimated that $90% of lung cancer cases are caused by tobacco smoking (4) ; however, only a small fraction of the smokers (usually <20%) developed lung cancer, suggesting an individual susceptibility to lung cancer.
DNA repair, a central defense system by which the cells cope with different DNA damage, maintains the integrity of human genome, and faulty DNA repair confers to the individual cancer susceptibility (5) . Among several partly overlapped DNA repair pathways, nucleotide excision repair (NER) is the major repair pathway for removing DNA damage caused by tobacco smoking and deals with a wide class of helix-distorting lesions that interfere with base pairing and obstruct replication and transcription (6, 7) . Mutations in at least one of the eight NER core proteins can cause xeroderma pigmentosum (XP) with corresponding complementation groups characteristic of repair-deficiency phenotype (i.e. XP: A-G and V) (8, 9) , coupled with high UV-light sensitivity and increased cancer risk (10) .
Interestingly, the XP group E (XPE) protein is not necessary for NER in vitro but is evidently required in vivo; XPE cells are biochemically heterogeneous, and some XPE cell lines lack the activity of binding to damaged DNA owing to mutations in the DDB2 gene (11) . The protein product of the DDB2 gene, p48, interacts with the p127 protein and forms a UV-damaged DNA binding complex (termed DDB) (12, 13) . This DDB complex can bind to various forms of damaged DNA and participate in global NER (14) (15) (16) . Fibroblasts isolated from the XPE patients harboring mutations in the DDB2 gene could complement the deficiency by microinjecting of the wild-type protein (17, 18) . Recently, Itoh et al. (19) and Yoon et al. (20) generated, separately, a strain of DDB2
À/À mice and demonstrated a role of DDB2 in preventing UV-induced skin carcinogenesis. Furthermore, the DDB2-deficient mice developed spontaneous tumors at a high rate, suggesting tumor suppression function of DDB2 (20) .
Accumulating evidence supports that polymorphisms in the NER genes may contribute to genetic susceptibility to lung cancer (21, 22) . To date, however, no studies investigate the association between common polymorphisms in the DDB2 gene and cancer susceptibility. The DDB2 gene is polymorphic, having 14 single nucleotide polymorphisms (SNPs) with a minor allele frequency (MAF) >10% among those included in the Environmental Genome Project (EGP) database of resequencing data from 90 USA individuals (http:// egp.gs.washington.edu/finished_genes.html). Because DDB2 plays an important role in the NER pathway, tobacco carcinogens can cause DNA damage that is repaired by NER and suboptimal NER capacity is reported to be associated with lung cancer risk (23), we hypothesized that genetic variants in the DDB2 gene are associated with lung cancer risk. To test this hypothesis, we conducted a case-control study of 1010 incident lung cancer cases and 1011 age and sex frequency-matched cancer-free controls in a Chinese population.
Materials and methods

Study populations
All the subjects were genetically unrelated ethnic Han Chinese. The cases included all eligible patients newly diagnosed with incident lung cancer according to the National Diagnosis Standard for Lung Cancer, who were consecutively recruited between July 2002 and November 2004 from four hospitals of three metropolitan cities along the Yangzi River, including the Cancer Hospital of Jiangsu Province, the First Affiliated Hospital of Nanjing Medical University, the Shanghai Cancer Hospital and the Wuhan Zhongnan Hospital, without the restrictions of age, sex and histology. The exclusion criteria included reported previous cancer history and radiotherapy or chemotherapy for unknown conditions. A total of 1299 cases with histopathologically confirmed lung cancer were recruited, of whom 1010 patients consented to participate in the study and provided blood samples, resulting in a response rate of 77.8% (1010 out of 1299). The control subjects consisted of outpatients with diseases other than cancer in other departments of the same hospital during the same time period when the cases were recruited, who were seen at departments of general surgery, gynecology, internal medicine, orthopedics and otorhinolaryngology. All the control subjects were frequency-matched to the cases on age (±5 years), sex and residential area (urban or countryside), and the response rate was 81.3% (1011 out of 1244).
Each participant was scheduled for an interview after a written informed consent was obtained, and a structured questionnaire was administered by interviewers to collect information on demographic data and environmental exposure history including tobacco smoking. Those who had smoked <1 cigarette per day and shorter than 1 year in their lifetime were defined as non-smokers; otherwise, they were considered as smokers. Those smokers who quit for >1 year were considered former smokers. Pack-years [(cigarettes per day/20) · years smoked] were calculated to indicate the cumulative smoking dose and the smokers being further dichotomized by the cumulative dose of 29 pack-years according to the distribution of controls. Family history of cancer was defined as any reported cancer in first-degree relatives (parents, siblings or children). After interview, $5 ml venous blood sample was collected from each participant. The study was approved by the institutional review boards of Nanjing Medical University, Fudan University and Tongji Medical College of Huazhong University of Science and Technology.
Selection of SNPs in DDB2
We used the EGP database (http://egp.gs.washington.edu/finished_genes.html) to select SNPs from among the reported polymorphisms on the basis of their pairwise linkage disequilibrium (LD). As shown in Table I , a total of 14 SNPs with a MAF >10% were identified, of which rs830083 (nt18100C>G) is unique because it has a >0.4 LD parameters r 2 with all other SNPs, close to the r 2 threshold 0.5 recommended by Carlson et al. (24) for the tagging SNP selection. Furthermore, because the 90 USA individuals in the EGP database were a mixed ethnic and Asian population (including Chinese) that was defined as lower haplotype diversity and higher pairwise LD compared with other populations (25), we thought the 0.4 r 2 threshold in our study was adequately stringent. To provide a test for our assumption, we also selected and genotyped another SNP, rs3781620 (nt23314C>G), to compare the pairwise r 2 between our Chinese population and the USA mixed population (r 2 ¼ 0.68 in the database).
Laboratory assays
Genotyping was performed by the 5 0 -nuclease (TaqMan) assay, using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA), in 384-well format, in Chinese National Human Genome Center at Shanghai, China. The TaqMan primers and probes were designed using the Primer Express Oligo Design software v2.0 (ABI PRISM). Primer and probe sequences are as follows: rs830083F, CACCTCAGCCTCCCAAGTG; rs830083R, CAACGTGACAAAACCCCATCTTAAA; rs830083 probe1, CCAGCTAATTTTTCTATTTT-VIC; and rs830083 probe2, CAGCTAATTT-TTGTATTTT-FAM; rs3781620F, CTCAGCCTCCCAAAGTGTTGA; rs3781620R, ACATCAAAAGTATTCTTTGGGCTGAGT; rs3781620 probe1, CTCACAGCTGTAATC-VIC; and rs3781620 probe2, CTCACA-CCTGTAATC-FAM. PCR reactions were carried out in a reaction volume of 5 ml containing 5 ng DNA, 2.5 ml 2· TaqMan universal PCR Master MixNo AmpErase UNG (Applied Biosystems), 0.083 ml 40· Assay Mix. PCR reaction condition included 95 C for 10 min followed by 20 cycles of 15 s at 92 C and 1 min at 60 C followed by 30 cycles of 15 s at 89 C and 1.5 min at 60 C. Two blank control (water) and two duplicated samples in each 384-well format were used for quality-control procedure. The intensity of each SNP should meet the criteria of three clear clusters in two scales generated by SDS software (ABI). Genotyping failed in 49 (4.9%) cases and 51 (5.0%) controls in rs830083 locus and 43 (4.3%) cases and 33 (3.3%) controls in rs37816203 locus owing to DNA quantity or quality, and 921 (91.2%) cases and 931 (92.1%) controls were successfully genotyped in both loci.
Statistical analyses
Differences in select demographic variables, smoking status, pack-years smoked and frequencies of the DDB2 genotypes, alleles and haplotypes between the cases and controls were evaluated by using the c 2 -test. The associations between the frequencies of DDB2 variant genotypes and lung cancer risk were estimated by computing the odds ratios (ORs) and 95% confidence intervals (CIs) from both univariate and multivariate logistic regression analyses with adjustment for age, sex, family history of cancer and pack-years of smoking. We used the PHASE 2.0 program (26) to infer haplotype frequencies based on the observed DDB2 genotypes. The association between the frequencies of DDB2 rs830083 variant genotypes and lung cancer risk was also evaluated by stratification analyses by age, sex, pack-years of smoking, family history of cancer and histological types. The potential gene-environment interaction was also evaluated by logistic regression analysis and tested by comparing the changes in deviance (À2 log likelihood) between the models of main effects with or without the interaction term. All the statistical analyses were performed with Statistical Analysis System software (v.8.0e; SAS Institute, Cary, NC). 
Results
The distributions of selected characteristics between lung cancer patients and controls are summarized in Table II . There was no significant difference in the distributions of age and sex between the cases and the controls, suggesting that our frequency-matching was adequate. However, the controls were more likely to be non-smokers (47.8%) than were the cases (31.2%), and more cases (44.5%) smoked >30 pack-years than did the controls (25.4%), and these differences were statistically significant (P < 0.0001). 
There were four haplotypes derived from these two DDB2 genotypes, of which the haplotypes rs830083C-rs3781620C and rs830083G-rs3781620G accounted for 99.5% of the chromosomes for the cases and 99.4% of the chromosomes for the controls (Table II) . Compared with the rs830083C-rs3781620C haplotype, the rs830083G-rs3781620G haplotype was associated with a borderline 1.07-fold increased risk of lung cancer (95% CI ¼ 1.00-1.14).
The genotype distributions of DDB2 rs830083 and rs3781620 in the cases and the controls are shown in Table III . The observed genotype frequencies for these two polymorphisms were all in Hardy-Weinberg equilibrium in the controls (P ¼ 0.9608 and 0.9644, respectively). The DDB2 rs830083 genotype frequencies were 38.7 (CC), 50.3 (CG) and 11.0% (GG) in the cases and 44.7 (CC), 44.4 (CG) and 10.9% (GG) in the controls, and the difference was statistically significant (c 2 ¼ 7.63, P ¼ 0.0220). Logistic regression analysis revealed that compared with the rs830083CC genotype, subjects carrying the heterozygous rs830083CG genotype had a significantly 1.31-fold increased risk of lung cancer (95% CI ¼ 1.08-1.60) and those carrying the homozygous rs830083GG genotype had a non-significantly 1.22-fold elevated risk (95% CI ¼ 0.89-1.67). When we DDB2 polymorphisms and lung cancer risk combined the rs830083CG and rs830083GG genotypes assuming a co-dominant allele effect, the combined rs830083CG/ GG variant genotypes were associated with a 30% (adjusted OR ¼ 1.30; 95% CI ¼ 1.08-1.56) increased risk for lung cancer (Table III) . Similarly, compared with rs3781620CC wild-type genotype, elevated risks were associated with the rs3781620CG, rs3781620GG, or their combined genotypes rs3781620CG/GG [ORs and 95% CIs being 1.28 (1.06-1.56), 1.11 (0.81-1.51) and 1.25 (1.04-1.50), respectively] (Table III) .
Because the rs830083 polymorphism was in nearly complete LD with the rs3781620 variant and was the most representative locus in the DDB2 gene, we further evaluated the associations of the rs830083CG/GG variant genotypes with lung cancer risk stratified by selected variables and histological types. As shown in Table IV , the effect of combined variant genotypes was more evident in young subjects (adjusted OR ¼ 1.40; 95% CI ¼ 1.07-1.83) and subjects with a positive family history of cancer (adjusted OR ¼ 1.70; 95% CI ¼ 1.03-2.80). However, although the elevated risk was more evident in heavy smokers (>29 pack-years, adjusted OR ¼ 1.48; 95% CI ¼ 1.07-2.04), we found that the main effect of DDB2 variant genotypes was very similar between smokers and nonsmokers. For the stratification of major histological types, risk of lung cancer associated with rs830083CG/GG was mainly limited in subjects with adenocarcinoma. Furthermore, compared with the non-smokers having the rs830083CC wild-type genotype, we observed a 5.04-fold increased risk of lung cancer in heavy smokers (>29 pack-years) carrying the rs830083CG/GG genotypes (95% CI ¼ 3.56-7.14).
Similarly, compared with subjects with a negative family cancer history having the rs830083CC genotype, a 1.94-fold risk of lung cancer in subjects with a positive family cancer history carrying the rs830083CG/GG genotypes was found (95% CI ¼ 1.36-2.76). However, we did not find any statistical evidence for interaction between rs830083 variant genotypes and pack-years of smoking or family cancer history in the multivariate logistic regression model (P ¼ 0.6304 and 0.2467 for the interaction term, respectively; data not shown).
Discussion
In this hospital-based case-control study, we investigated the associations of the rs830083 polymorphism of the DDB2 gene with risk of lung cancer in a Chinese population. We found that the rs830083CG/GG genotypes were associated with a significantly increased risk of lung cancer compared with the rs830083CC genotype. The elevated risk was more pronounced among younger subjects (<60 years old), heavy smokers (30+ pack-years) and subjects with a positive family cancer history. Because the rs830083 locus is in LD with most of the DDB2 SNPs, the pairwise LD between rs830083 and rs37816203 in our study population is >0.68 in the mixed USA population, which supports our assumption that this variant is representative of other untyped SNPs among Asian population. Our SNP selection was based on the r 2 LD statistic, because r 2 is directly related to statistical power to detect disease associations with unassayed loci (27) . With the advantage of the relatively large sample size, our study, for the first time, provided the evidence that SNPs in the DDB2 gene may be associated with lung cancer susceptibility. DDB2 is an important DNA damage binding protein that participates in global NER. In addition to its role in DNA repair, DDB2 also interacts with the cell-cycle transcription factor E2F1 (28, 29) , binds to cullin 4A, an E3 ligase in the ubiquitin-proteasome pathway (29) , and is associated with the CBP/p300 family of histone acetyl transferase (30) . Moreover, the human DDB2 gene is a downstream target of the tumor suppressor p53 and BRCA1 (18, 31) . Recent studies provided further evidence for a feedback loop in which DDB2 plays an important role in the regulation of p53 and controlling p53-mediated apoptosis (19, 20, 32) . In the DDB2-deficient animal model, a high rate of spontaneous tumors in mice lacking NER is interesting (33, 34) . Further animal studies revealed that enhanced expression of DDB2 both delayed the onset of squamous cell carcinoma and decreased the number of tumors per mouse in chronically UV-B light-exposed hairless mice (35) . Inoki et al. (36) found that two DDB2 variants (D1 and D2) generated by alternative splicing were dominantly negative inhibitors of DNA repair. These further suggested that DDB2 might play a multifunctional role in cancer development.
Because no common non-synonymous SNPs in the DDB2 coding region and no known regulatory variants were identified in the DDB2 gene, LD-based analysis provided a way to avoid a priori consideration of SNPs function; rather, it assumes that genotypes at unassayed, risk-related SNPs may be linked with the assayed SNPs. The power of the study to detect the disease-associated polymorphisms indirectly in N samples is equivalent to the power to detect it directly in N*r 2 samples (27) . Therefore, genotyping the rs830083 locus with a r 2 ! 0.4 is at least equivalent to genotyping >400 pairs of cases and controls at the potentially disease-associated locus. In addition, there is accumulating evidence that supports the importance of intronic polymorphisms as markers for cancer susceptibility. For example, intronic SNPs in p53 (37) and ataxia telangiectasia mutated (ATM) (38) were associated with increased risk for lung cancer and breast cancer, respectively. In contrast to exons, the association of intronic polymorphisms with cancer risk could be due to their tight linkage with other susceptibility loci or genes, although their potential influence on mRNA instability has been postulated (22) . Interestingly, we found that only heterozygotes of DDB2, but not homozygotes, had a higher risk for lung cancer. Although the reason for a higher risk associated with the variant heterozygotes remains unknown, it is possible that this heterozygous genotype may be in LD with other susceptibility loci, that the heterozygotes may have had impaired function because of the potential imbalance of the protein structure, or that some of homozygotes in combination with other adverse genotypes may have been embyogenically lethal. However, these hypotheses need to be tested in future studies.
In the present study, we found that the risk of lung cancer associated with DDB2 SNPs was more pronounced among relatively younger subjects (<60 years old) and those with a family cancer history, suggesting that genetic susceptibility, often associated with an early age of onset, may play a more important role in the development of lung cancer among younger patients than among relatively older subjects. It is also plausible that DDB2 rs830083 locus may be a potential genetic marker of lung cancer and is associated with familial aggregation. Although the elevated risk was more evident in heavy smokers (>29 pack-years), we did not find a significant interaction between DDB2 genotypes and smoking. In addition, the main effect of DDB2 variant genotypes was very similar between smokers and non-smokers, indicating that the role of the genotypes was independent of smoking status. Furthermore, we found that the risk associated with the DDB2 variant genotypes was higher for lung cancer patients with adenocarcinoma, suggesting that different histopathological types may have different etiologies, not only in relation to environmental risk factors but also in genetic susceptibility. However, because of the small sample size in the subgroups, there findings were preliminary and need to be validated in further studies with larger sample sizes in these subpopulations.
Like all other case-control studies, inherited biases in the present study may have led to spurious findings. First of all, the response rate of the cases and controls were 77.8 and 81.3%, respectively, and $5% of the DNA samples failed for genotyping at each locus, which may have caused selection bias. However, the general demographic characteristics and smoking habits of the subjects who were and were not included in the final analysis were similar, which should not lead to substantial bias, if any. In addition, potential confounding factors were minimized by frequency-matching on age, sex, and residential area between the cases and controls. Second, although we included >1000 cases and a comparable number of frequency-matched controls in the final analysis, this study was limited owing to exclusion of SNPs with low frequencies, which may be potentially important. Finally, no biological and functional relevance can be made on the basis of this tagging SNP approach, and additional studies may be needed to identify the disease-causing SNPs.
DDB2 polymorphisms and lung cancer risk
In conclusion, our study provides evidence for the first time that the DDB2 polymorphisms may contribute to the etiology of lung cancer. The findings need to be substantiated by further studies on functional evaluations of DDB2 polymorphisms as well as the determination of related lung cancer risk in larger molecular epidemiological studies with diverse ethnic populations and multiple DDB2 SNPs.
